Introduction
============

As a major determinant of vertebrates' ecology, teeth have played a crucial role in species survival. Teeth have been subjected to strong selective constraints because they first appeared in the oral cavity in jawed vertebrates over 460 Myr during the Ordovician ([@evw200-B62]). While mammalian teeth share basic components, they exhibit great diversity in number, size and shape ([fig. 1*A*](#evw200-F1){ref-type="fig"}). However, in spite of their importance for animal survival, teeth have been lost independently in multiple lineages of tetrapods' ([@evw200-B13]), including mammals (e.g., pangolins). And others mammals have teeth with little or no enamel (e.g., sloths) or have booth teeth and enamel reduction (e.g., platypus).

![Phenotypic diversity and developmental stages of mammalian dentition. (*A*) Examples of the phenotypic diversity in mammalian dentition, presented clockwise the images of upper and lower dentition in giant panda, dog, pika, megabat, dolphin, macaca, hedgehog and pig (images adapted from [@evw200-B24]). (*B*) Typical mammalian tooth developmental stages (image adapted from [@evw200-B69]).](evw200f1p){#evw200-F1}

Mammals differ from other living vertebrates by having very complex teeth and a restricted capacity for tooth renewal ([@evw200-B29]). Moreover, in mammals there is a strong correlation between feeding habits, patterns of tooth formation (e.g., cardiform, villiform, incisor, canine, molariform) and their number of teeth ([@evw200-B39]) ([fig. 1*A*](#evw200-F1){ref-type="fig"}). While some nonmammals have multi-rowed dentition and replace their teeth regularly throughout their lifetime, mammals have only one row of teeth and either renew their teeth only once or in some rodents without any replacement ([@evw200-B28]; [@evw200-B39]; [@evw200-B46]). Thus, vertebrate evolution is characterized by a reduction in tooth number (from polyodonty to oligodonty), by a shift in timing of tooth development (from polyphyodonty to di- and/or monophyodonty) and by an increase in morphological complexity (from homodonty to heterodonty) ([@evw200-B59]). In addition, these mammalian features, including increased shape complexity, multi-cusp teeth, and stable tooth number, facilitated the maintenance of the high metabolic rates of mammals by ensuring efficient processing of food ([@evw200-B2]).

Modern mammalian dentition develops through a series of well-defined morphological stages that require sequential and reciprocal interactions between the epithelium and mesenchyme tissues ([@evw200-B48]). In mice, the first sign of tooth development, the thickening of the oral epithelium, is observed at embryonic day 10.5 (E10.5) (Zhang et al. 2005; [@evw200-B48]), when tooth sites and types are established ([@evw200-B75]). Between embryonic days 12.5--13.5 (E12.5--E13.5) the tooth bud is progressively formed following the epithelium invagination of the underlying mesenchyme ([@evw200-B47]; [@evw200-B48]). During days 14.5--15.5 (E14.5--E15.5) the growth of the epithelium leads to the formation of the cap structure ([@evw200-B48]) and to its configuration during days 16.5--18.5 (E16.5--E18.5) ([@evw200-B48]). During the late bell stage, embryonic day 18.5 (E18.5), mesenchyme cells form the dental follicle and dental pulp ([@evw200-B48]) ([fig. 1*B*](#evw200-F1){ref-type="fig"}).

In spite of the wide phenotypic diversity among mammal dentition patterns, previous studies have demonstrated only slight differences in gene expression patterns, with human and mice teeth sharing considerable homology in ontogenesis and underlying molecular networks ([@evw200-B43]). The marked similarity between odontogenesis (in lamina, bud, cap, and bell stages) and gene expression profiles ([@evw200-B75]) in mice and humans suggests that there are strong functional constraints in mammalian teeth development. Genetic control of tooth development encompasses, to-date, more than 300 genes ([@evw200-B67]). However, this is probably an underestimate, because analyses of large data sets and new approaches using microarray profile search functions have identified additional genes associated with odontogenesis ([@evw200-B36]; [@evw200-B41]).

Genes involved in adaptation and functional innovation often show the footprints of positive selection through elevated ratios of nonsynonymous to synonymous nucleotide substitutions (Yang and Bielawski 2000; [@evw200-B50]; [@evw200-B57]). Here we performed comparative evolutionary analyses of tooth-related genes to identify signatures of selection that may have shaped tooth phenotypic diversity among mammals. Of the 236 tooth-associated genes analyzed in 39 mammalian genomes, we detected strong selection signatures in 31 genes using both gene- and species-trees. Moreover, younger genes (mammalian-specific) had accelerated evolutionary rates, and differential expression profiles when compared with older genes (vertebrate-specific).

Materials and Methods
=====================

Sequences and Annotation
------------------------

Genes associated with tooth development, tooth disease and mammalian tooth phenotypes were retrieved from the Gene Ontology (GO) database ([@evw200-B3]; [@evw200-B22]) and the Rat Genome Database (RGD) ([@evw200-B60]; [@evw200-B42]). To restrict the gene data set, we only used the associated processes listed in the GO and Mammalian Phenotype (MP) ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The final data set included 247 genes, from which 11 genes were later excluded as fewer than 20 sequences were available. For the 247 genes we obtained 7,892 coding sequences corresponding to a unique transcript, when available, for each species. The sequences used in this work were retrieved from *ENSEMBL* v64 or v65 ([@evw200-B15]) using PyCOGENT 1.5.3 ([@evw200-B38]) implemented in EASER ([@evw200-B44]) querying *ENSEMBL COMPARA* database. All the retrieved results were manually inspected and when the sequences could not be retrieved using the script, they were manually downloaded. The corresponding gene coordinates were obtained using *BIOMART* in *ENSEMBL* to construct the annotation file needed to build the ideogram in Idiographica ([@evw200-B37]).

Gene Tree-Based Reconstruction
------------------------------

For each gene a multiple sequence alignment (MSA) was built using the retrieved coding sequences translated to amino acids and further back-translated to nucleotides and MUSCLE ([@evw200-B14]) implemented in SEAVIEW v4 ([@evw200-B19]). The MSAs were refined in GBLOCKS ([@evw200-B8]) using the relaxed parameters ([@evw200-B66]) to reduce the false positives resulting from improper aligned positions. The filtered MSA was used to inspect possible evolutionary models using MrAIC ([@evw200-B53]). We restricted to Bayes models to save calculation time and used AICc (Akaike information criterion correction) for models comparison. Phylogenetic gene-based tree reconstructions were obtained with PhyML v3.0 ([@evw200-B20]) under the previously estimated evolutionary model and the topology branches support values were retrieved using the aLRT (Approximate likelihood-ratio) test ([@evw200-B1]). The tree topology was further used as the gene tree in evolutionary analyses after the removal of branches length, allowing CODEML to calculate each branch length during the likelihood estimation of each model. The final data set incorporated 236 filtered alignments (corresponding to 236 genes), obtaining an average of 33.44 sequences and length ∼704.12 bp per MSA. The species tree topology was obtained from *ENSEMBL* ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Trees were pruned, as necessary due to missing taxa, using Phyutility ([@evw200-B63]).

Evolutionary Rate and Protein Age
---------------------------------

For each gene the number of nonsynonymous substitutions per nonsynonymous site (d~N~) and the number of synonymous substitutions per synonymous site (d~S~) were calculated using a maximum-likelihood method CODEML implemented in PAML v4.6 ([@evw200-B71]). Estimations of d~N~, d~S~ and d~N~/d~S~, were obtained using six different models (Model 0, 1a, 2a, 7, 8 and 8a). Equilibrium codon frequencies of the model were used as free parameters (CodonFreq = 2). Model 0 (M0, one-ratio) was used to estimate global d~N~/d~S~, d~N~ and d~S~. Model 1a (M1a, nearly neutral) distributes the sites in two site-classes varying between 0 and 1, assuming that all sites have d~N~/d~S~ ≤ 1. Model 2a (M2a, positive selection), unlike M1a, estimates the proportion of sites under positive selection, d~N~/d~S~ \> 1. Models 7 (M7, beta) and 8 (M8, beta + ω \> 1), approximate the d~N~/d~S~ variation over sites through a beta distribution, estimating the proportion and the d~N~/d~S~ ratio of the positively selected sites, whereas M8 only includes site-classes above neutrality. The models allowing positive selection along the alignment (M2a and M8) were compared pairwise against stricter models, M1a and M7, respectively, using likelihood ratio tests (LRT). Each calculation of the LRT corresponds to 2×\[*lnL* (alternate model)−*lnL* (*null* model)\] (or LRT = 2×(Δ*lnL*)). Comparisons between models M8 and M8a were used to identify deviations from neutrality. This pairwise comparison focuses on testing whether sites belonging to a site-class with a d~N~/d~S~ \> 1 are evolving differently from near neutrality (d~N~/d~S~≈ 1). For each pairwise comparison, M1a versus M2a, M7 versus M8, M8 versus M8a, the LRT obtained were compared against a χ^2^ distribution. The degrees of freedom, used to obtain the χ^2^ critical values, were the difference in the number of parameters in the *null* and *alternate* model for each pairwise test. The results from CODEML were corrected for possible multiple testing bias using the procedure of Benjamini and Hochberg ([@evw200-B6]) as implemented in the program Q-Value ([@evw200-B65]). For each *P* value, we also estimated the corresponding *q* value. When the *q* value was below, the *P* value obtained for the LRT value the gene was considered to be under positive selection (1), and when above, the gene was considered negatively selected (0).

The positions of the positively selected sites were mapped to the human sequences using an in house script (available upon request). Because positive-selection analyses tend be less reliable in regions of poor alignment, for quality control all MSA used for testing for positive selection were submitted to GUIDANCE ([@evw200-B56]) to obtain an alignment confidence score. The correlation and the confidence estimates of each alignment were plotted in a scatter plot, which showed no link between the confidence estimates of the alignment and the positively selected sites ([supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Exons and Introns Substitution Rate
-----------------------------------

Gene coordinates obtained from ENSEMBL BIOMART were used to retrieve the phyloP ([@evw200-B58]) site scores for introns and exons using the USCS browser ([@evw200-B35]). The pre-calculated values available in USCS table phyloP44wayPlacMammal that were used only included placental mammals ([@evw200-B18]) and the values were obtained using the coordinates of reference sequences from human (hg18). The empirical cumulative distribution function (ECDF) from introns and exons of phyloP scores and the Mann--Whitney *U* values were obtained using MATLAB vR2014b. Given that the number of analyzed positions (intronic and exonic) from negatively selected genes was greater than the number of positions in positively selected genes, we built a script for sampling (allowing repetitions) the values from each of the intronic and exonic regions of the negatively selected (conserved) genes. For comparisons between positively and negatively selected genes, and to diminish calculation times, both pools of values were restricted to: (1) 1,000,000 points in introns, (2) 100,000 sampling points in first introns, and (3) 100,000 points in exons. To validate the procedure, for each scenario three random samples of introns and exons from positively and negatively selected genes were generated from each pool of values and were tested for homogeneity using the Mann--Whitney *U* values.

Protein Age, Characteristics and Functional Clustering
------------------------------------------------------

Protein ages were estimated with PPODv4_OrthoMCL_families and *Dollo* parsimony and grouped into three age classes defined as: ≤ 220.20 Myr (Mammalian specific), \>220.20 Myr and ≤ 454.60 Myr (Vertebrate specific), \>454.60 Myr (Older proteins) using *ProteinHistorian* ([@evw200-B7]) ([supplementary table S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For positively selected genes, the disorder status was calculated for each protein with SPINE-D ([@evw200-B74]) using human sequences as the query. Positively selected genes were grouped into functional clusters based on DAVID ([@evw200-B27]). The protein interactions were retrieved from BioGRID ([@evw200-B64]; [@evw200-B9]) and all proteins with more than 100 interactions were excluded. Statistical analyses were performed in SPSS v20.

Expression of Tooth-Associated Genes during Development
-------------------------------------------------------

Expression profiles were obtained from NCBI GEO ([@evw200-B4], [@evw200-B5]). We used two experiments from mouse corresponding to: (1) tooth germ tissue at embryonic day 13.5 ([@evw200-B40]) \[GEO:GDS4453\] and, (2) postnatal stage ([@evw200-B55]) \[GEO:GSE7164\] and one experiment corresponding to embryonic stages from 4 to 9 weeks after fertilization in humans ([@evw200-B73]) \[GEO:GSE15744\]. For each data set the GPL-associated (GEO Platform) files were used to filter the tooth-associated genes, their expression values were *log~2~* normalized to reduce numerical noise. For the different probes associated with the same gene, their values were averaged. Cluster analysis using k-means was performed in MATLAB vR2014b and the statistical analysis was performed using SPSS v20.

Results
=======

Gene Localization and Functions
-------------------------------

Genes associated with tooth development were plotted on an ideogram to show their location in the human genome ([fig. 2](#evw200-F2){ref-type="fig"}). Of the 247 tooth-associated genes, 10 are located on Chromosome (Chr) X and one on Chr Y, whereas the remaining 236 are autosomal. *MECP2* was the only X-linked gene with evidence of positive selection, compared with 30 positively selected autosomal genes. For molecular evolution analysis, such as CODEML, the 247 were reduced to 236 genes, because we were unable to retrieve more than 20 orthologs for these 11 genes.

![Ideogram of the human genome. Human chromosomal location of tooth-associated genes. Each chromosome is labeled with its respective number (autosomal chromosomes) or letter (sexual chromosomes) code. The symbols (+) and (−) represent the DNA strand orientation. The circles near the gene represent significant evidence of positive selection.](evw200f2p){#evw200-F2}

The majority of the tooth-associated genes identified in this study are also involved in other processes and therefore they were not restricted to tooth-associated processes ([supplementary table S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). For example, a pleiotropic effect has been reported for genes such as *BMP4*, which is primarily associated with colorectal cancer ([@evw200-B26]) but also Parkinson's disease ([@evw200-B61]).

Selective Regimes in Tooth-Associated Genes
-------------------------------------------

When the gene trees were used as input for CODEML analysis, M8 was significantly more adjusted in 148 genes relatively to M7 ([supplementary table S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), although when using the strict pairwise comparison M8 versus M8a, only 35 genes showed that the site class was (ω \> 1) significantly above neutrality. When using the species tree, selection analyses supported the alternate model (M8) in 160 genes, whereas in the M8 versus M8a comparison, 48 genes favored M8. 31 genes (∼13.1%) showed signatures of positive selection in both analyses (gene tree and species tree) ([supplementary table S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The comparisons between gene tree and species tree allowed us to reduce the possible bias that an incorrect phylogenetic topology may have introduced into positive selection analyses.

Pairwise comparisons of M7 versus M8 have previously been shown to be less robust (but more powerful) than M1a versus M2a comparisons ([@evw200-B51]). Under model M2a and using the gene-based tree, 28 genes had signatures of positive selection ([supplementary table S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online), whereas the alternate model was favored in 37 genes when the species tree was used ([supplementary table S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Although the analyses using M2a versus M1a is significantly faster to run the analysis, this comparison retrieved 20 of the same genes identified as being under positive selection using pairwise M8 versus M7 and M8 versus M8a comparisons. In aggregate, 20 genes were identified with signatures of selection regardless of the model and phylogenetic assumption used. Despite being a more-rapid model, M2a was the most sensitive model to the phylogenetic assumptions because the results obtained from the species tree and gene tree were less similar when compared with the more parameter-rich pairwise analysis ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The Spearman's correlation between the model M2a versus M1a and M8 versus M7 showed that the primer model comparison is more sensitive to the choice of input tree used in the detection of positive selection ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Using M8 with the 31 positively selected genes and the gene tree as parameters, 236 positively selected sites were identified. These were compared with 235 sites identified using the species tree. Using the same approach (i.e., concordance between species and gene tree), we identified 181 sites under positive selection (posterior probability \>0.95) independent of the phylogenetic assumption. The positions of the positively selected sites were annotated using the human protein as reference ([supplementary table S7](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). The posterior probabilities were calculated for each site using human sequences as references for M8 results (using gene-tree as phylogenetic tree). These data show that these positively selected sites are distributed randomly and are not concentrated on the ends of the genes ([supplementary fig. S4](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Remarkably, ∼67% of the positively selected sites were located in disordered regions, based on the results from SPINE-D ([@evw200-B74]), and therefore correspond to regions that commonly have a less stable tertiary structure ([fig. 3](#evw200-F3){ref-type="fig"}).

![Tooth-associated genes under positive selection. The Bayesian Empirical Bayes posterior probability under M8 obtained using the gene tree is plotted in red dots in the center of the figure. The dots in the inner circle correspond to a PP from 0 (interior) to 1 (outer). The graphic line corresponds to the calculated disorder probability. The blue lines corresponding to values \>0.5 are considered intrinsically disordered regions.](evw200f3p){#evw200-F3}

Alignment Uncertainty and Phylogenetic Resolution
-------------------------------------------------

The MSAs from the positively selected genes were submitted to GUIDANCE to confirm that alignments were robust and therefore that most of the positive selection was not due to improper alignment or to uncertainty in some regions. In the 31 positively selected genes, no associations were observed between the proportion of sites under selection and any detected uncertainty in the alignment ([supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Because the terminal portions of alignments tend to be more difficult to align, it has been reported ([@evw200-B45]) that these regions may have high false-positive ratios. However, in our data set the positive-selected sites were dispersed relatively evenly from tail to core, decreasing the probability that poor alignment quality led to some false-positive or false-negative results. Moreover, the TREE-PUZZLE results showed that there was no association between evolutionary rate and uncertainty in the phylogenetic signal, as the majority of the positively selected genes had \<10% of unresolved quartets (with the exceptions of *ADM*, *AQP6*, *CA2*, *CSF2*, *MTF2*, and *PVRL3*) ([supplementary table S8](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Intronic Acceleration in Positively Selected Genes
--------------------------------------------------

The ECDF analyses showed that positively selected genes had accelerated rates in both exonic and intronic regions ([fig. 4*A* and *B*](#evw200-F4){ref-type="fig"}) when compared with the negatively selected genes scores ([fig. 4*C* and *D*](#evw200-F4){ref-type="fig"}). In the introns or exons of positively selected genes, there was a significantly higher departure from neutrality when compared with negatively selected genes (Mann--Whitney *U* test, *P* \< 0.01). This result is consistent with the observation that over 50% of the more accelerated sites were within lower phyloP scores ([fig. 4](#evw200-F4){ref-type="fig"}A*--D*). Although these phyloP scores were obtained from USCS computed values excluding the nonplacental mammals, there is no expectation that this would significantly change the interpretations of the phyloP analysis. The first intron of positively and negatively selected genes also was significantly different (*P* value \< 0.001) ([fig. 4*E* and *F*](#evw200-F4){ref-type="fig"}), which is evidence of a consistent higher evolutionary rate of introns concordant with the presence of positive selection in coding regions.

![Comparison between *phyloP* scores of positively and negatively selected genes. Empirical Cumulative Distribution Function obtained for tooth-associated genes, introns and exons. The *x* corresponds to phyloP scores values and F(*x*) corresponds to the cumulative frequency. *P* values correspond to the significance of Mann--Whitney *U* test result from the three pairwise comparisons. (*A*) Exons from non-positively selected genes, (*B*) Exons from positvely selected genes, (*C*) Introns from non-positively selected genes, (*D*) Introns from positvely selected genes, (*E*) First introns from non-positively selected genes and (*F*) First introns from positively selected genes.](evw200f4p){#evw200-F4}

The proteins were classified into three distinct phylogenetic groups according to their predicted gene age as Mammalian (mammalian-specific proteins), Vertebrate (vertebrate-specific) and Old (old proteins). An analysis of the binning patterns of the proteins based on their estimated ages revealed that introns of vertebrate-specific genes were the most accelerated while exons of genes classified as "old" were more conserved ([table 1](#evw200-T1){ref-type="table"}). The phyloP analyses of introns and exons (gene structure) of the genes of different ages suggested that the most accelerated groups ranked (highest to lowest): vertebrate introns \> vertebrates 1st intron \> older introns \> older 1st intron \> mammal's introns \> mammals 1st intron \> mammal's exons \> vertebrate's exons \> older exons. This pattern revealed that mammalian-specific genes had the mostaccelerated exons and the least accelerated (most conserved) introns compared with vertebrate-specific and "older" genes.

###### 

Pairwise Comparison between Introns and Exons Categorized by Age

                        Mammals   Vertebrates   Older                           
  ------------- ------- --------- ------------- ------- ---- ---- --- ---- ---- ---
  Mammals       Exons   --        1             1       0    1    1   0    1    1
  1st Intron            --        1             0       1    1    0   1    1    
  Introns                         --            0       1    1    0   1    1    
  Vertebrates   Exons                                   --   1    1   0    1    1
  1st Intron                                            --   1    0   0    0    
  Introns                                                    --   0   0    0    
  Older         Exons                                                 --   1    1
  1st Intron                                                          --   0    
  Introns                                                                  --   

N[ote]{.smallcaps}.---The values were obtained in ranksum test in MATLAB, when the value is 1, the left entry is more show lesser acceleration, whereas when the value is 0 suggest acceleration of the left entry relatively to the top entry (e.g., exons aged as mammalian specific are more accelerated than exons in vertebrate-specific, but lesser accelerated than 1st introns in mammalian specific genes). The three different structures exons, first intron and introns are compared in three age classes, mammalian-, vertebrates-specific and all the other predicted ages are categorized as older proteins.

Positively Selected Genes Implicated in Diseases
------------------------------------------------

Of the 31 genes under positive selection, 21 have a hypothesized or known phenotypes associations in OMIM database. However, only four of these, *COL1A1*, *COL1A2*, *DSPP* and *ENAM*, have phenotypes that have been specifically associated with teeth. Proteins col1a1 and col1a2 are associated with osteogenesis imperfecta type I, dspp is associated with dentin dysplasia type II, dentinogenesis imperfecta shields type II and dentinogenesis imperfecta shields type III, and enam is associated with amelogenesis imperfecta type IB. The functional clustering analysis, using a classification stringency of *"high"*, identified 16 clusters from the 31 positively selected genes ([supplementary table S9](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Two of these clusters were associated with biomineralization and/or structural constituents of tooth enamel (*ACHE*, *COL1A1*, *DSPP* and *ENAM*).

Acceleration of Recent Proteins
-------------------------------

For each age-dependent protein cluster we estimated average omega, number of positively selected sites and GC content and searched for associated GO process. Despite high variability, d~N~/d~S~ estimates from M0 in CODEML supported the hypothesis that more-recently evolved proteins had accelerated evolutionary rates ([fig. 5*A*](#evw200-F5){ref-type="fig"}), as the average omega from mammalian-specific proteins was slightly higher than proteins that arose before the mammalian divergence. The younger proteins, that is, mammalian specific, were shorter, were related with fewer GO terms, had protein coding sequences with slightly lower GC content, and had fewer interactions ([fig. 5*B*--*D*](#evw200-F5){ref-type="fig"}).

![Protein age and tooth-associated genes. Relation between estimated protein age, classified as mammalian, vertebrate and older proteins and (A) the GO number (Gene Ontology) processes, (B) gene length, (C) GC content and (D) evolutionary rate (Omega).](evw200f5p){#evw200-F5}

Expression Pattern of Tooth-Associated Genes
--------------------------------------------

Expression data supported the hypothesis that the younger genes are less expressed in early stages of tooth development. The GDS4453 experiment, which corresponds to a primary stage of tooth development in mice E13.5, showed that at this stage there is a slightly lower expression of young proteins. Moreover, results from GSE7164 ([fig. 6](#evw200-F6){ref-type="fig"}), which corresponds to a postnatal stage, showed that there is a more similar expression pattern of the younger proteins compared with either vertebrate-specific or "old" proteins.

![Expression profile of tooth-associated genes. Results from experiments GDS4453, GDS4453 and GSE7164 are represented from left to right, respectively. In GDS4453, the expression levels are grouped according to the estimated age and from 4th to 9th week (left to right). The mammalian-specific tooth-associated protein-coding genes are down-regulated in early developmental stage.](evw200f6p){#evw200-F6}

The expression data from GDS4453, corresponding to weeks 4--9 of human embryonic development, revealed that the expression of younger proteins was lowest from the 4th to 6th week, similar to the patterns observed in other stages (GDS4453 and GSE7164). Interestingly, the 31 positively selected genes had different expression patterns during these stages, because of the 16 k-clusters examined, only clusters 1, 5 and 6 did not have any genes with patterns of positive selection ([supplementary fig. S6](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

Discussion
==========

Most vertebrates possess teeth in jaws, with a few exceptions, including birds, which lost their teeth through evolution. Therefore, as teeth first appeared in jawed vertebrates ∼460 Ma ([@evw200-B62]), dentition has been subjected to purifying selection. The appearance of teeth involved an intricate coordination of multiple genes that likely shared in the functions that were required for the coordination of tooth development. However, most of these were not novel genes, but had previously had other functions. Genes that are physically located close to each other chromosomally are more likely to be co-expressed and to share a common ancestral function than more dispersed genes ([@evw200-B10]; [@evw200-B70]). However, tooth-associated genes in the mammalian genome are widely dispersed ([fig. 2](#evw200-F2){ref-type="fig"}). This suggests that tooth development depends on the coordination of multiple genes that previously were involved in a variety of different functions. The earliest tooth-like structures of the vertebrate oral cavity were first located outside the mouth and served diverse functions including protection, sensation and hydrodynamic advantage ([@evw200-B39]).

While the majority of the genes studied have been subjected to purifying selection, we identified 31 genes that evolved under positive selection, with specific sites with d~N~/d~S~ significantly \>1. Previous studies have shown that positively selected sites are functionally relevant ([@evw200-B49]; [@evw200-B12]) and therefore sites with d~N~/d~S~ significantly above one are expected to have a determinant fitness role. Since natural selection has shaped the current diversity of tooth dentition in mammals, sites with evidence of positive selection signatures should be linked with differential selective advantages in each species. However, distinguishing neutral selection from a positive-selection regime acting on genes is often complicated. Here we overcome this uncertainty by comparing the results from two robust analytical approaches (using gene trees and species trees) to detect selection, with the premise that this dual approach is more reliable and less subject to statistical noise when estimating the degree of selective pressures acting on the genes.

While the majority of the identified sites were evolving under negative selection, the presence of sites with a ω \> 1 supports their role in determining protein functionality, and therefore demonstrates their role in the development of mammalian phenotypic differentiation. These results demonstrate that tooth-associated genes have different selection signatures and therefore affirms their important role in mammalian adaptations. We identified 31 genes that are most-likely responsible for the tooth diversification among mammals. Within these 31 genes, we found 181 sites under positive selection, most of which were located within intrinsically disordered protein regions. This confirms previous findings that there is an over representation of positively selected sites encoding intrinsically disordered regions of proteins ([@evw200-B52]). Furthermore, there was no evidence of under-representation of functional amino acids in intrinsically disordered regions of proteins ([@evw200-B52]). Positive selection in tooth-associated genes was more persistent in disordered regions, which is important since disordered regions allow proteins to access target sequences and influence local conformation and activity ([@evw200-B11]). Moreover, there is a strong correlation between biomineralization and structural disorder of proteins ([@evw200-B31]). Therefore, these sites, particularly those corresponding with disordered regions, are potentially of prime relevance to the function of these proteins, and thus are potential sites for further site-directed mutagenesis studies.

Within the group of positively selected genes we identified two clusters of genes that were involved in tooth-specific processes, biomineralization and structural organization of tooth specific tissues. Because these two gene clusters were composed of ones that have been identified as being crucial for tooth formation, they are potential candidates for future study to determine their specific roles in the phenotypic diversification of the dentition in mammals. For example, one of these positively selected genes, *ENAM*, was previously demonstrated to have signatures of positive selection in human populations ([@evw200-B33]) and in Kalmar dogs ([@evw200-B31]). Although *ENAM* has been previously been characterized as a multifunctional protein that is essential in early stages of tooth development ([@evw200-B41]), our re-analysis of data from three different microarrays (Pemberton et al. 2007; Yi et al. 2010; [@evw200-B40]) suggest that there is a higher expression rate of mammalian-specific genes such as *ENAM* during tooth development in later stages. *ENAM* has also been linked with tooth enamel thickness and dietary changes in primates ([@evw200-B34]). Our analyses also suggest that *ACHE*, *COL1A1* and *DSPP* have been involved in mammalian dentition adaptations.

Previous studies have demonstrated a high degree of sequence conservation in introns ([@evw200-B21]) and among intron positions in orthologous genes ([@evw200-B23]), and have observed that regions under negative selection, known as mutational cold spots, often correspond to regions that are more negatively selected than protein coding regions ([@evw200-B32]). Concordantly, introns in negatively selected genes are also under a higher selective regime than in positively selected genes. Given the functional importance of the intronic regions, it is expected that this asymmetrical evolutionary rate may have functional relevance. It has also been demonstrated that changes in noncoding regions are associated with rapid evolutionary changes in enamel thickness and that they can have a major impact through differentially altering the affinity of transcription factors that regulate tooth development ([@evw200-B25]). These mammalian intronic regions (especially the first intron) often have regulatory elements (Oshima et al. 1990; [@evw200-B30]). In slight contrast, here, we also observed a evolutionary patterns in both the first introns of the positively selected genes and of negatively selected genes. Our results provide further support that purifying and positive selection can have a strong effect on intron sequence evolution, as was observed between humans and chimpanzees ([@evw200-B17]).

The dental gene network core has been a common feature of all species because the first species with pharyngeal teeth and including all of its jawed descendants ([@evw200-B16]). This dental pattern has been associated with an ancient dental regulatory network (*BARX1*, *EVE1*, *LHX7*, *LHX8* and seven HOX's genes) and a dental circuit (*BMP2*, *BMP4*, *DLX2*, *EDA*, *EDAR*, *PAX9*, *PITX2*, *RUNX2* and *SHH*) that has also been reported in cichlids ([@evw200-B16]). Our analyses have highlighted that this ancient suite of genes, except *EVE1* (which was not included in this study), have evolved under purifying selection. This confirms the hypothesis that this core dental network is "evolutionarily essential" because there is no corrected patterning of the dentition without the involvement of those genes and the appearance of those genes predates the vertebrates' emergence ([@evw200-B16]).

Our results extend previous reports of correlations between evolutionary rate, structural properties and age class ([@evw200-B68]) and provide evidence that younger proteins (mammalian-specific proteins) are involved in fewer GO processes, are involved in fewer interactions, are shorter and have higher evolutionary rates. Similarly, GC content in these younger proteins is slightly lower than in older protein-coding sequences. Although some of these observations have been previously reported, the importance of these patterns is still being debated. In our data set, higher evolutionary rates were observed in the younger proteins, suggesting that most of the phenotypic diversity observed in the mammalian dentition may rely on "new proteins", whereas "older" proteins are more-likely to be under strong purifying selection. In addition, our analyses of expression data revealed that these younger proteins are expressed less in early stages of tooth development compared with later stages.

Conclusions
===========

We conducted a top--down analysis of 236 tooth-associated genes and our results revealed 31 genes with evidence of significant positive selection. Positively selected sites tended to be located in disordered regions of the protein, and therefore are more likely to be functionally relevant. Clustering analysis identified four genes (*ACHE*, *COL1A1*, *DSPP* and *ENAM*) with signatures of positive selection and which are associated with odontogenesis. However, their role in the diversification of mammalian phenotypes is still unknown. The asymmetrical evolutionary rate among introns of the positively selected genes and the negatively selected genes suggests that intronic regions may also have had a role in mammalian diversification. Age-class analyses revealed that more-recently evolved proteins are expressed in later developmental stages and, given their higher evolutionary rate, are probably linked with the diversification of the mammalian dentition.

Our results also suggest, for the first time, that the evolution of mammalian dental patterns arose through strong positive selection of genes that previously were principally involved in other functions. This is strong evidence that evolution and diversification of teeth arose through modification of genes that had previously been involved in others networks.
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